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Uranus and Neptune form a distinct class of planets
in our Solar System. Given this fact, and ubiquity of
similar-mass planets in other planetary systems, it is
essential to understand their interior structure and
composition. However, there are more open questions
regarding these planets than answers. In this review,
we concentrate on the things we do not know about
the interiors of Uranus and Neptune with a focus
on why the planets may be different, rather than
the same. We next summarize the knowledge about
the planets’ internal structure and evolution. Finally,
we identify the topics that should be investigated
further on the theoretical front as well as required
observations from space missions.

This article is part of a discussion meeting issue
‘Future exploration of ice giant systems’.

1. Introduction
Uranus and Neptune are the outermost planets in
the Solar System. These two planets raise great
challenges to planetary scientists in terms of their
formation history, evolution path, internal structure and
composition, atmospheric dynamics and many other
areas. Nevertheless, despite so many key questions
around these planets, until recently, they have received
relatively little attention.

Modelling the internal structures of Uranus and
Neptune is not simple. They represent a unique planetary
class—it is not possible to simply re-scale models of
the terrestrial or gas giant planets, and many of the

2020 The Author(s) Published by the Royal Society. All rights reserved.
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conclusions inferred on the planets’ composition and internal structure surely reflect more the
assumptions of the modeller than the reality. In a way, it is still unclear what the most reasonable
assumptions should be when modelling these planets. Today, we know that even the gas giants,
Jupiter and Saturn, have far more complex internal structures than had been assumed before
the Juno and Cassini missions [1–4], and it certainly follows that if we now gained new detailed
information about Uranus and Neptune, we would be similarly surprised.

The large number of observed exoplanets with masses and radii similar to those of Uranus
and Neptune suggests that such planets are very common in the galaxy. Nevertheless, we still do
not know as much about the ‘ice giants’ as it is commonly assumed. Before we state that a given
exoplanet is similar to Uranus/Neptune, we first need to know what Neptune and Uranus are
like. In addition, as we discuss below, it is still unclear how similar Uranus and Neptune are to
each other, and we suggest that each planet should be investigated separately accounting for its
unique features.

In the last several years efforts for designing space missions dedicated to the exploration of the
ice giants have been made (e.g. [5–9]). These efforts are very much ongoing, and we hope that a
mission(s) to either or both of the ice giants will become a reality in the relatively near future.

In this paper, we focus on the interiors of Uranus and Neptune, and discuss the challenges
they impose to the planetary science community. We list the key open questions and discuss the
required developments in theory and observations. Other recent reviews and papers on the topic
include [10–13], and references therein. This paper aims to be complementary to these recent
publications, with a focus on open questions and what measurements would enable advances in
our understanding.

2. Not ‘Uranus and Neptune’, but ‘Uranus’ and ‘Neptune’
It is clear that Uranus and Neptune represent a unique planetary class. They consist of H–He
outer envelopes (and atmospheres) of about 10–20% of their total mass, they are located in the
outer part of the solar system, and they have similar masses, radii and rotation periods. Therefore,
as for Jupiter and Saturn, or Earth and Venus, but perhaps even more so here, modellers have
tended to investigate Uranus and Neptune together. However, each planet has clearly unique
features, which justify a detailed investigation of each individual object. After all, just like the
mentioned examples, there are clear differences between Jupiter and Saturn, as well as Venus and
Earth, and by grouping them together, we may miss some of the key features that can reveal more
information of the nature of each planet. In addition, always studying the two objects together
may erode people’s sense of the importance and uniqueness of each planet. We, therefore, argue
that each planet should be treated separately and uniquely.

Below we briefly discuss some of the key physical quantities of Uranus and Neptune, with a
particular focuses on differences between the planets. Their fundamental physical properties are
listed in table 1.

(a) Basic physical properties
Uranus’ mass is slightly smaller than Neptune’s, but its radius is a bit larger. As a result, they
differ in their mean densities which are 1.270 g cm−3 and 1.638 g cm−3 for Uranus and Neptune,
respectively. This difference can already hint at different bulk compositions. In addition, the
inferred normalized moment of inertia (MoI) value of Uranus (approx. 0.22) is smaller than that
of Neptune (approx. 0.24), suggesting that Uranus is more centrally concentrated than Neptune
(see Podolak & Helled [24] and Nettelmann et al. [25] for details).

While the rotation periods of the planets are not well determined, the Voyager rotation periods
suggest a difference in rotation period of 7%. Voyager 2 measurements of periodic variations in
their radio signals and of fits to the magnetic fields of Uranus and Neptune imply rotation periods
of 17.24 h and 16.11 h, respectively. However, see Helled et al. [23] for a discussion of why these
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Table 1. Basic physical properties of Uranus and Neptune.

parameter Uranus Neptune

semi-major axis (AU) 19.201 30.047
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

mass (1024 kg) 86.8127 ± 0.0040a 102.4126 ± 0.0048b
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

mean radius∗ (km) 25362 ± 7c 24622 ± 19c
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

mean density (g cm−3) 1.270 ± 0.001d 1.638 ± 0.004d
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Rref (km) 25 559a 25 225b
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

J2 (×106) 3510.68 ± 0.70a 3408.43 ± 4.50b
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

J4 (×106) −34.17 ± 1.30a −33.40 ± 2.90b
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

rotation period∗ (Voyager) 17.24 he 16.11 hf
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1-bar temperature (K) 76 ± 2g 72 ± 2h
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

effective temperature (K) 59.1 ± 0.3i 59.3 ± 0.8j
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

intrinsic flux (J s−1 m−2) 0.042 ± 0.045i 0.433 ± 0.046j
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

bond albedo A 0.30 ± 0.049h 0.29 ± 0.067h
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

axis tilt 97.77 28.32
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
aJacobson [14].
bJacobson [15].
cArchinal et al. [16].
dCalculated values and associated uncertainty derived from other referenced values and uncertainties in this table. The average density is
computed using a volume of a sphere with the listed mean radius.
eDesch et al. [17].
fWarwick et al. [18].
gLindal et al. [19].
hLindal [20].
iPearl et al. [21],
jPearl & Conrath [22].
∗Note that the rotation periods of the planets are not well determined as discussed in detail in Helled et al. [23].
Rref is the reference equatorial radius in respect to the measured gravitational harmonics J2 and J4.

values may be incorrect. These differences in the most fundamental planetary properties already
suggest that Uranus and Neptune should not be considered as ‘twin planets’.

(b) Heliocentric distance
Uranus is located at approximately 19 AU while Neptune is at approximately 30 AU. While both
of these locations are far from the sun, and represent the outer regions of the solar system, they
have nearly 10 AU between them. For comparison, this is about the distance between Mercury
and Saturn! The factor of 2.5 difference in incident solar flux is larger than the difference between
either Earth and Venus or Earth and Mars.

While at both of these radial distances it is clear that the two planets formed beyond the water
and the CO2 ice lines, 30 AU is closer to the nominal CO ice line (e.g. Öberg et al. [26]). A difference
of 10 AU could lead to substantial differences in the heavy element enrichments of the planets
(see Mousis et al. [27] and references therein). In addition, since the solid-surface densities at the
two locations is different, the planetary growth history is also expected to differ (e.g. Helled &
Bodenheimer [28]).

It is possible that Uranus and Neptune formed much closer to the Sun, and even switched
positions1 (e.g. Thommes et al. [29]; Tsiganis et al. [30]). This can partially resolve the formation

1With Neptune originally being closer to the Sun than Uranus, which could be supported by the fact that Neptune is slightly
more massive than Uranus.
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time scale problem of Uranus and Neptune (e.g. Helled & Bodenheimer [28]). However,
a calculation that includes the planetary growth, accounting for the heavy-elements self-
consistently, and that can lead to the predicted H–He-to-heavy elements ratios of either planet
is still missing.

(c) Axis tilt and Satellite systems
A distinct feature of Uranus is its axial tilt. This has typically been thought to be a result of a giant
impact [24,31–36] although the tilt could also be a result of a spin-orbit resonance [37–39]. Giant
impacts might also be responsible for some of the observed differences of the planets such as their
heat fluxes and internal structure2 [36,40]. In any case, no matter what the origin of the tilt is, it is
clear that the seasons and temperature variations on the two planets are different, which affects
the connection between the atmosphere and the deep interior and therefore the characterization
of the planets (e.g. Guillot [11], Hueso et al. [41]).

Uranus has regular satellites, suggesting they formed from a circumplanetary disk. It is yet
to be determined whether the circumplanetary disk was formed as a result of a giant impact
(e.g. Kegerreis et al. [31], Reinhardt et al. [34], Ida et al. [42]) or a result of the gas accretion
(e.g. Canup & Ward [43]). Unlike Uranus’ regular satellites, the orbit of Neptune’s largest moon,
Triton, is retrograde, implying that Triton was captured (e.g. Nesvorný et al. [44]), which perhaps
destroyed any original regular satellite system.

While the differences in the axis tilt and satellite system could be a result of giant impacts with
different conditions with the planets being more similar to each other shortly after formation,
it would suggest different evolution histories. In addition, ‘the origin of the moons of Uranus
and Neptune is still being investigated, as well as the cause for the differences between the two
planets’. It is therefore clear that the unique features of each planet should be accounted for in their
modelling.

(d) Heat flux and albedo
A strong indication for the dichotomy between Uranus and Neptune comes from the far different
energy balances of Uranus and Neptune. Uranus’s intrinsic power, as determined from the
Voyager IRIS instrument is 42 ± 47 erg s−1 cm−2 (essentially a non-detection), while the value for
Neptune is 433 ± 46, a value approximately 5–10× larger (at 1σ ) [21,22]. Uranus appears to be
in equilibrium with solar insolation. Both planets have a similar Bond albedo, as determined by
Voyager data [22]. We discuss this in light of new data on Jupiter’s Bond albedo in a later section.

(e) Atmosphere: activity, depth of winds, composition
Images of Uranus and Neptune imply that Uranus’ atmosphere has only very few features while
Neptune’s atmosphere seems more active and complex including storms and vortexes. This could
either be a result of different internal heat fluxes, the different orbital properties, as well as the
different seasons due to the different axial tilt. It is desirable to understand the origin of the
different atmospheric activity.

In terms of atmospheric winds, the two planets seem to have a similar wind profile
characterized by a strong eastward jet at the equator. The wind velocities are referenced in
comparison to the underlying assumed rotation periods which are likely more uncertainly than
typically appreciated. It was shown in Helled et al. [23] that the inferred flattening of the planets
are inconsistent with the Voyager radio periods, and new rotation periods which are more
consistent with the data have been suggested. With these modified periods (of 16.58 h for Uranus
and 17.46 h for Neptune) the wind velocities on the two planets are much more similar and are
slower than previously thought. As a result, the wind speeds are not well known but are expected

2In fact, the small difference in masses could be a result of the impacts if indeed Neptune’s impact was head-on, leading to
the absorption of the entire impactor’s mass, unlike an oblique impact on Uranus.
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to be of the order of a couple 100 m s−1. The penetration depths of these winds are unknown, but
are thought to be as deep as 1100 km for both planets, as estimated from their gravity data [45,46].

The atmospheres of both planets are so cold that most volatile species have condensed into
clouds far below the visible atmosphere. In addition, the noble gases would only be detectable via
an entry probe with a mass spectrometer. The atmospheres of Uranus and Neptune are mostly H–
He (by particle numbers) with smaller fractions of heavier elements. The only heavy element with
a well-determined composition is carbon, in the form of methane, CH4. Even this measurement is
problematic, as CH4 partially condenses at such cool temperatures. Recent assessments of the CH4
abundances are Karkoschka & Tomasko [47] for Uranus and Sromovsky et al. [48] for Neptune.
See Atreya et al. [49] for a detailed review and discussion of how latitude-dependent condensation
effects these measurements.

Compared to the solar carbon abundance, these carbon values are 85 ± 15 for Uranus and
89 ± 22 for Neptune. For comparison, the methane abundance in Saturn from Cassini spectroscopy
is 9.9 ± 0.4 [50], and for Jupiter it is 4.4 ± 1.1 from the Galileo entry probe [51]. This may suggest
that there is a strong anti-correlation between atmospheric metallicity and giant planet mass.
However, the expected very different formation locations of the four planets make this direct
interpretation difficult.

The previously mentioned condensation of CH4, and other volatiles like H2S and H2O, is
important for reasons beyond understanding composition. Condensation into clouds removes
these molecules from the gas phase, which alters the mean molecular weight of the atmosphere
across the relatively narrow thickness of the cloud. This may lead to a number of regions of
the middle and deep atmosphere becoming superadiabatic, as a steeper temperature gradient
would be needed to drive convective motion. The connection with the planetary interior is that
these atmospheric superadiabatic regions would lead the deep interior to be hotter than previous
simple estimates. Much additional discussion can be found in Guillot [52], Guillot [11], Fletcher
et al. [6], Leconte et al. [53] and Friedson & Gonzalez [54].

3. Interior models
The basic idea of planetary modelling is as follows: given the measured physical properties of a
planet (mass, radius, rotation rate, gravity field, etc.) a structure model is developed to reproduce
the observed properties. The density profiles that fit the data can teach us about the planetary
composition and its depth dependence. The more measurements we have, and the more accurate
they are, the better the internal structure is determined. However, accurate measurements are
insufficient to uniquely infer the planetary structure and composition, given the degenerate nature
of the problem. Even if we precisely knew all the fundamental properties of a planet, such as
its mass, shape, gravitational and magnetic fields, there would still be ambiguity in determining
the composition and internal structure. This is because there is more than one solution for the
planetary density profile that can satisfy all the observational constraints. In addition, structure
models suffer from ‘theoretical uncertainties’ that are linked to the EOS, composition, energy
transport mechanism and structure assumed by the modeller.

Nevertheless, the available data can be used to exclude certain solutions, and identify solutions
that seem to be consistent with complementary knowledge about the planets such as their
formation location (far from the sun, beyond certain ice lines) and predicted composition,
magnetic fields (e.g. the need for convection and high-enough electrical conductivity), and the
behaviour of elements at high pressures/temperatures that can guide structure models (see [13]
and references therein for details). However, at the moment, some key observed properties of
Uranus and Neptune are not well determined. This is in particular notable now when the two
planets are compared to Jupiter and Saturn which were explored by various spacecraft through
the years including the recent visits by Juno and Cassini which provided unprecedented accurate
measurements of their gravity fields. For Uranus and Neptune, the gravitational moments are
determined only up to fourth degree (J2, J4), with a relatively large uncertainty, and detailed
information on their atmospheric composition, planetary shape, and rotation periods is missing
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Figure 1. Gravity measurement uncertainties of the outer planets. Shown are relative observational uncertainties in J2 and J4
of the four giant planets. The triangles and circles represent ‘old’ and ‘new’ data, respectively. ‘Old’ data correspond to the latest
data before the most recent, i.e. ‘new’ data. The used numbers are summarized in table 2. (Online version in colour.)

Table 2. Gravity data from figure 1. The old and new gravity data for Jupiter are taken from Jacobson [56] and Iess et al. [57],
respectively. For Saturn old gravity data corresponds to Jacobson [58] and the updated one from Iess et al. [59]. The gravity data
for Uranus are fromFrench et al. ([60], ‘old’) and Jacobson ([14], ‘new’), and for Neptune fromTyler et al. ([61], ‘old’) and Jacobson
([15], ‘new’), respectively. Note that ‘old’ data correspond to the latest data before the most recent, i.e. ‘new’ data.

Jupiter Saturn Uranus Neptune

J2 old (×106) 14696.43 ± 0.21 16290.71 ± 0.27 3516 ± 3.2 3539 ± 10
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

J2 new (×106) 14696.572 ± 0.014 16290.557 ± 0.028 3510.68 ± 0.70 3408.43 ± 4.50
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

J4 old (×106) −587.14 ± 1.68 −935.8 ± 2.8 −35.4 ± 4.1 −28 ± 22
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

J4 new (×106) −586.609 ± 0.004 −935.318 ± 0.044 −34.17 ± 1.30 −33.40 ± 2.90
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

(e.g. [23]). It should be noted that a recent study provided a new estimate for Neptune’s second
gravitational moment, J2 = 3409.1 ± 2.9 × 10−6 [55]. This value is consistent with the value of
3408.43 ± 4.5 × 10−6 inferred by Jacobson [15].

Figure 1 shows the gravity measurement (J2, J4) uncertainties of the outer planets. Shown
are the improvements of new data in comparison to older ones. The values of the gravitational
moments used for this figure are listed in table 2. Thanks to the Juno and Cassini Grand Finale
measurements, the uncertainties in the gravity data decreased dramatically for Jupiter and Saturn.
Such accurate data push structure models to the next-level of complexity (see Helled [62] for
review). Unfortunately, it is clear that the quality of the data for Uranus and Neptune is orders
of magnitude worse. As a result, the compositions and internal structures of these planets are
poorly determined. It is clear that measuring the gravity fields of Uranus and Neptune accurately
is desirable; such accurate measurements can only be done via a Juno-like spacecraft which orbits
the plant several times, with the orbits being polar, covering different regions, and reach close to
the planet. We therefore strongly support orbiter missions to the ice giants (e.g. Fletcher et al. [6]
and references therein).

Uranus and Neptune are special from a theoretical modelling perspective because they are
clearly different from the terrestrial planets and the gas giants. Therefore, it is not clear what
the best approach to take is when modelling their interiors. Contrary to most published models,
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Figure 2. Heavy elementmass fraction Z versus planetarymass up to amass of 20M⊕. The solid-black and dotted-blue curves
correspond to formation models assuming solid surface densities of 10 g cm−2 and 6 g cm−2, respectively. This demonstrates
the dependence of the planetary composition and primordial internal structure on the relative accretion rates (see Helled &
Stevenson [66] for details). (Online version in colour.)

and corresponding artists conceptions, it is unlikely that they are fully differentiated objects with
distinct layers. Although it is often assumed that they are water-rich, their composition is poorly
constrained as discussed in Helled et al. [13,63]. Also, since they are not H–He dominated, the
chosen materials and their distribution significantly affects the inferred composition. Planets in
this mass regime are in fact most sensitive to the assumed planetary internal structure and the
equation of state (EOS) used by the modeller (e.g. Baraffe et al. [64], Vazan et al. [65]).

Planet formation models suggest that deep interiors of gaseous planets are expected to consist
of composition gradients, although this is just started to be included in current structure models.
During the planetary growth phase the accreted heavy elements (pebbles and/or planetesimals)
are dissolved in the envelope already when the core mass reaches a few Earth masses (M⊕).
An example for such a gradient has been presented in Helled & Stevenson [66], who also note
that the more gradual structure is associated with a lower solid surface density. As a result, the
primordial interior of Uranus and Neptune are expected to have a large region with composition
gradients. Figure 2 shows the heavy-element mass fraction as a function of planetary mass during
the planetary growth when assuming two different solid surface densities. ‘These curves are
not meant to represent proto-Uranus/Neptune but to demonstrate the sensitivity of the inferred
primordial structure to the assumed formation environment. As a result, a better understanding
of the evolution and internal structure of Uranus and Neptune, could help us to better understand
their origin (see Helled et al. [13] for further discussions)’. The heavy-element accretion rate is
affected by the (assumed) solid surface density σ , and this in return affects the subsequent growth
and the gas accretion rate. As a result, not only do the planets form in different time scales but
they also have very different final compositions. It is clear that for the case with lower σ the
planet is more H–He rich. In both cases, the planets are expected to have primordial internal
structures with composition gradients (see Helled & Stevenson, [66] and Helled et al. [13] for
further discussions). ‘Such primordial composition gradients are expected to evolve on a time
scale of 109 and convective mixing could lead to an outer region that is convective. We suggest
that future studies should investigate different formation paths that can lead to planets that are
similar to Uranus and Neptune’.

Since both Uranus and Neptune are located in the outer parts of the Solar System where the
solid-surface density is low, even if they migrated outward they are likely to have formed further
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than Jupiter and Saturn, and therefore, have composition gradients. Composition gradients are
also predicted for the gas giants. There is compelling seismic evidence for a deep composition
gradient in Saturn [67] and interesting (but more indirect, since it is from the gravity field) for
Jupiter [4,68,69].

Interior models of Uranus and Neptune assuming adiabatic temperature profiles with distinct
layers have been presented by Nettelmann et al. [25]. In these models, the planets are assumed
to consist of a rocky core surrounded by a water layer, and a H–He atmosphere with a given
metallicity. These models use physical EOSs to model different materials. While these models are
in some way ‘more physical’ they are rather sensitive to the model assumptions. Perhaps most
troubling is that such distinct-layer models tend to predict extremely high water-to-rock ratios
for both planets. The inferred Uranus and Neptune models of Nettelmann et al. [25] predict that
the water-to-rock ratio is 19–35 times for Uranus, and 4–15 times for Neptune, with the total
H–He mass is typically 2 and 3 M⊕ for Uranus and Neptune, respectively. The exact estimates
are highly model-dependent, and are sensitive to the assumed composition, thermal structure
(which depends on the assumed heat transport mechanism) and rotation rate. It is important to
note that such structure models with distinct layers of different compositions are likely unrealistic
since rock and water can be mixed as well as water and hydrogen [70,71]. In addition, the
extremely high water-to-rock ratios are not observed in any solar-system object, and as discussed
above there is a strong indication from formation and evolution models that the planets consist
of composition gradients. Indeed, models where rock is more gradually distributed within the
planet go in the direction of alleviating the high water-to-rock ratio problem. As a result, such
three-layer models are unlikely to properly represent the interiors Uranus and Neptune.

Another approach for interior modelling is to take a more unbiased view on the internal
structures of the planets. This is by producing empirical density profiles (e.g. Marley et al. [72],
Podolak et al. [73], Helled et al. [63]). In that case, the planetary density profile is represented by
a series of random steps in density or a mathematical function, and all the density profiles that
match the observed properties are inferred. These can then be interpreted using physical EOS.
While the inferred density profiles are not based on knowledge of the behaviour of elements at
high pressures and temperatures, and can therefore might be viewed as ‘less physical’, they can
probe solutions that are missed by the standard models, in particular, solutions that represent
more complex interiors (e.g. composition gradients) with various temperature profiles (e.g. sub-
and super-adiabatic).

For example, empirical models of Uranus and Neptune using sixth-order polynomials to
represent the density profile suggest that both planets can have a continuous density profile in
which there is a gradual increase of the heavier material towards the centre [63], and that the
overall metals mass fraction of the planets is 0.75–0.92 and 0.76–0.9 for Uranus and Neptune,
respectively. It was also shown that the planetary interiors are not necessarily water-rich, and that
the measured gravitational field can be reproduced also if the planets are assumed to be rock-
dominated. Finally, it was shown that the inferred densities are consistent with compositions
gradients, and therefore with non-adiabatic temperature profiles (see Helled et al. [13] for
discussion). Representative density profiles of Uranus (a) and Neptune (b) inferred by various
studies are presented in figure 3.

Recently, it was shown that Uranus’ low luminosity can be a result of a combination of
primordial composition gradients that inhibit convection and a low planetary luminosity post-
formation [74]. In this scenario, the deep interior of Uranus can be very hot, which also suggests
that the planet could consist of more refractory materials, since with higher internal temperatures
one is able to include more rocks within a given model (since the high temperature makes the
rocks lower density). In addition, a stable (to convection) composition gradient implies that
Uranus’ current-state internal structure has not significantly evolved, and could be used to guide
planet formation models. Although these evolution models are not designed to fit the gravity data
exactly, they can reproduce the basic measured planetary properties.

Given that a wide range of structures are possible to fit the gravity fields of each planet,
this naturally begs the question regarding how large the possible range of solutions really is?

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

05
 Ju

ly
 2

02
1 



9

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A378:20190474

................................................................

0

2

4

6

8

10

0.2 0.4
radius (Ru) radius (Ru)

0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0

Uranus Neptune

de
ns

ity
 r

 (g
 c

m
–3

)

2

4

6

8

12

10

de
ns

ity
 r

 (g
 c

m
–3

)

(a) (b)

Figure 3. Density profiles of Uranus and Neptune. The colours correspond to different studies. For Uranus, the solid and dashed
orange curves aremodels U1 and U2 fromNettelmann et al. [25], the solid red is fromHelled et al. [63], and the solid and dashed
blue lines are models V2 and V3 from Vazan & Helled [74], respectively. For Neptune, the solid and dashed orange lines are
models N1 and N2b from Nettelmann et al. [25], and the solid red is from Helled et al. [63]. (Online version in colour.)

(a) (b)

5

10

15

20

25

5

10

15

20

25

r 
(1

00
0 

kg
 m

–3
)

r 
(1

00
0 

kg
 m

–3
)

r 
(1

00
0 

kg
 m

–3
)

4

3

2

1

0
0.6 0.7 0.90.8

4

3

2

1

0
0.6 0.7 0.90.8

level surface radius, s/Rm

level surface radius, s/Rm

0 00.2 0.4 0.6 0.8 1.0
level surface radius, s/Rm

0.2 0.4 0.6 0.8 1.0
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Movshovitz et al. [75] presented a Bayesian MCMC-driven approach to exploring the full range
of interior models for a giant planet, given the gravity field. The first application was to Saturn,
but in figure 4, we show preliminary work from Movshovitz et al. (in preparation) that shows
all the density profiles that fit the current gravity fields of Uranus and Neptune. These models
use an eighth-order polynomial for most of the planet, which allows for relatively steep changes
in density versus radius, if such changes are needed to fit the gravity field constraints. As was
previously demonstrated [63,72], for the interiors of Uranus and Neptune, there is no need not to
be distinct layers.

Currently, the gravity field of Uranus is better constrained than Neptune (table 1). This
manifests itself as wider range of allowed interior structures in Neptune in figure 4. This can
be seen most clearly from 0.3 to 1.0 planetary radii (see in particular the insets) where Uranus is
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better constrained. ‘This is because the behaviour of the contribution functions of the gravitational
moments, which describe how the different layers in the planetary interiors contribute to the
gravitational moments. For both Uranus and Neptune, the innermost 30% of the planets is not
well sampled by the gravitational harmonics. As a result, conclusions about the innermost part of
the planets must be inferred indirectly (see Helled et al. [63] for details)’. In addition, the error bar
on J6 on either planet is so large that it provides no real additional constraint.

As the atmospheric composition of Uranus and Neptune can be viewed as windows to
their deep interiors, improved understanding of their atmospheres can further constrain their
formation path, thermal evolution and internal structures (see Helled et al. [13] for details). For
instance, the pollution of the protoplanetary atmospheres with heavy elements such as water,
ammonia and methane can significantly affect the cooling of the growing planet and therefore its
formation and evolution paths [76]. In addition, the elemental abundances can reveal information
on the formation locations of the planets and/or the composition of their building blocks.
Therefore, it is clear that measuring the atmospheric composition of Uranus and Neptune is also
desirable.

4. Energy balance and evolution
Models that aim to understand the amount of thermal flux coming from the planetary interior
today are an important complement to models of a planet’s current density structure. In principle,
one should aim for a coherent picture of interior structure and thermal evolution over time, tied
to the planet’s formation.

Significant thought and modelling work have gone into trying to explain the dramatic
difference in the heat flux between the two planets. The ‘standard story’ (e.g. Fortney et al. [77])
has been that Neptune’s flux value is basically what one would expect for the cooling of a three-
layer model with an adiabatic interior, while the value for Uranus is far too low. Investigations
have shown that either assumed barriers to convection [78] or composition gradients suggested
by formation models [74] can radically alter Uranus’s cooling history, leading to a low intrinsic
flux today, along with a hot interior that his unable to efficiently cool off.

At the same time, it has been seen that the standard story may not be the correct one. Recently,
due to Cassini Mission Jupiter fly-by data, Jupiter’s Bond albedo and intrinsic flux determination
were significantly updated [79]–the Bond albedo increased from 0.343 to 0.503 (a 46% increase),
and the intrinsic flux determination increasing by 38%, based on a combination of the new Bond
albedo data and improved measurements of the planet’s total thermal emission. This at least
brings about the possibility that Voyager-derived energy balance values for the other three giant
planets [22] could be in need of substantial revision. Figure 5 shows the Bond albedo values for the
planets. We note that the Bond albedo can only be determined by a space mission that observes
scattered sunlight over a wide range of wavelengths and phase angles.

Such energy balance revisions can radically alter the standard Uranus/Neptune picture.
Furthermore, the accuracy of input physics is always improving, and it is essential to revisit
models as physics improves. Scheibe et al. [82], assuming the Voyager Bond albedos for each planet
and a time-evolving solar luminosity, find that Neptune is actually overluminous compared to the
expectation of an adiabatic cooling model, and Uranus is still underluminous, but not be as much
as previously thought. A modestly higher Bond albedo for Uranus (from 0.3 up to 0.4) would
make Uranus’s model adiabatic cooling history fit with observations. Neptune would appear to
be overluminous, with any Bond albedo. This is a ‘flip’ from previous work, marking Neptune,
rather than Uranus, as the ‘odd’ planet.

Given this wide variety of evidence, it is now becoming ever clearer that Uranus and Neptune
should not be modelled assuming adiabatic interiors with distinct layers, and the field is certainly
moving in that direction [74,78,82,83]. An important path forward is expected to come from
detailed models of planet formation, and then evolving such models over 4.5 Gyr of time, to assess
their current structure and heat flux today, compared to observations.
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Figure5. Bondalbedodeterminations of thegiant planets. Shownare theBondalbedosof Jupiter, Saturn,Uranus andNeptune,
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5. Should we keep calling Uranus and Neptune the ‘ice giants’?
Often Uranus and Neptune are referred to as the ‘ice giants.’ The origin of the name is probably
linked to the mean densities of the planets which are comparable to the density of water, and due
to the fact that they are located at large radial distances where volatile materials can condense to
form ices (water, ammonia, methane).

However, we actually do not know if the compositions of Uranus and Neptune are dominated
by these materials, and even Pluto seems to consist of more rock than ice [84]. Indeed it was shown
that the observed properties of the planets can be fit also with a rock-dominated composition
[63], and recently, it has been suggested that Neptune could be a ‘rock-giant’ based on measured
atmospheric abundances (see Teanby et al. [85] and references therein for further details). Also,
although the argument that the planets must consist of large fractions of water to have high
enough electrical conductivities (ionic/super-ionic water) to generate their magnetic fields is
convincing (e.g. Redmer et al. [86]), it is yet to be determined how much water is required and
whether other materials could contribute to the ionic interior.

In addition, even if the planets have substantial amounts of volatile materials (e.g. water), in
their deep interiors, the physical state of the material would not be in a solid state, and therefore
it is inappropriate to describe the materials as ‘ices’ since they would be in the liquid (fluid) state.
This is in fact also true for Jupiter and Saturn which are called the ‘gas giants’, because their
composition is dominated by hydrogen (H), although the material in their deep interiors is not
in the gaseous phase. Similarly, we suggest that calling Uranus and Neptune ‘ice giants’ is rather
misleading. This name biases the community to think of these planets as being water- (volatiles)
dominated and also gives the wrong impression for the physical state of the material in their deep
interiors. We, therefore, propose that naming Uranus and Neptune ‘sub-giants’ or ‘outer-giants’
instead of ‘ice giants’ is more appropriate.3

6. Summary and future plans
Uranus and Neptune remain mysterious planets and it is clear that further exploration of these
planets theoretically and observationally is needed. Key fundamental questions regarding Uranus
and Neptune remain open, such as

3We note that the earliest recorded use of ‘ice-giant’ we can find is in the introduction to a 1978 NASA report about the
Mariner 10 mission to Mercury [87].
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— How do planets like Uranus and Neptune form?
— How do these planets evolve?
— What are the compositions and internal structures of Uranus and Neptune?
— Are Uranus and Neptune volatile-rich?
— What parts of each planet are superadiabatic?
— How different are Uranus and Neptune? What is the origin of these differences?
— How is the magnetic field generated?
— How deep do to the atmospheric wind penetrate?

The collection of these important open questions ensures that investigating Uranus and Neptune
in the near and far future will be extremely rewarding. Although the development of new
theoretical models is crucial, it is clear that significant progress in our knowledge cannot be
achieved without more data. We argue that missions to Uranus and Neptune are essential. In
particular, we emphasize the importance of accurate measurements of the planets’ gravitational
fields (preferable with several Juno-like polar orbits). Better gravity data will allow us to exclude
certain solutions for the interiors, and can assist us in understanding the differences between
Uranus and Neptune. We will then be able to reduce the parameter space of possible internal
structures. Better determining the structure and potential variability of the planetary magnetic
fields will allow us to further constrain the planetary structure via the required conditions to
sustain a dynamo (electrically conducting material + convection), as discussed in detail in the
complementary chapter by Soderlund & Stanley [88] in this issue. At the same time, measuring
the atmospheric composition from an entry probe can be used to better understand the connection
between the atmosphere and the deep interior (e.g. Guillot [11]) as well as the origin of the
planets (e.g. Mousis et al. [27]). In addition, determining the rotation rates of the planets helps to
tighten constraints on interior models. Better establishing each planet’s Bond albedo and thermal
fluxes can be used to further constrain structure and evolution models, respectively. Owing to
the complex nature of planets, it is clear that having one measurement, even if very accurate, is
insufficient to break the degeneracy of structure models and reveal the true nature of the planets.
What is needed is a comprehensive investigation of each of the two planets using different
measurements so we can slowly put the different pieces of the puzzle together until we better
understand Uranus and Neptune.

In the nearer future, before potential space missions, some progress is envision in the following
fonts. Further improvements in EOS calculations and experiments of volatile materials such as
water, ammonia and methane, their mixtures, as well as their mixtures with rock or with hydrogen
(and helium), are essential. This could build on recent advances (e.g. Bethkenhagen et al. [89],
Millot et al. [90]). Understanding the behaviour of the materials, and their mixtures, we think
exist in Uranus and Neptune at high pressures and temperatures, will allow us to exclude certain
compositions, and can guide us in terms of the model assumptions: i.e. what materials are likely
to be mixed versus differentiated and what are the important chemical interactions that should
be considered.

A longer-term investment, that could start now, would be further investigations towards gains
that could be made by seismology of Uranus and Neptune. Building on important work for
Jupiter and Saturn over the past decade [67,91,92], further theoretical and observation-driven
work could be imagined. This includes assessing the potential of ‘ring seismology of Uranus’
using detailed observations of its ring system [93], or also long time baseline photometry [94].

Detailed and accurate measurements of atmospheric abundances of giant and intermediate-
mass exoplanets will also be valuable. An overview of the variation in atmospheric composition
of gaseous exoplanets in the mass/size range of Uranus and Neptune, and its connection to the
host star’s properties, in concert with determinations of the planetary mean density will allow us
to understand the nature of gaseous-rich intermediate mass planets.
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